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We have been developing X-ray SOIPIXs, ’’XRPIX”, for future X-ray 
astronomy satellites. XRPIX is equipped with a function of ’’event-driven 
readout”, which allows us to readout signal hit pixels only and realizes a 
high time resolution 10/is). The current version of XRPIX suffers a 
problem that the readout noise in the event-driven readout mode is higher 
than that in the the frame readout mode, in which all the pixels are read 
out serially. Previous studies have clarified that the problem is caused 
by the cross-talks between buried P-wells (BPW) in the sensor layer and 
in-pixel circuits in the circuit layer. Thus, we developed new XRPIX 
having a Double SOI wafer (DSOI), which has an additional silicon layer 
(middle silicon) working as an electrical shield between the BPW and the 
in-pixel circuits. After adjusting the voltage applied to the middle sili¬ 
con, we confirmed the reduction of the cross-talk by observing the analog 
waveform of the pixel circuit. We also successfully detected ^^^Am X-rays 
with XRPIX. 
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1 Introduction 


The X-ray charge-coupled device (CCD) is the standard imaging spectrometer for 
the latest X-ray astronomy satellites. It offers the Fano limited spectroscopy with the 
energy resolution reaching ~130 eV in FWHM at 6 keV and line imaging with the 
small pixel size of ~20-30/im and with the large imaging area of 20-30mm. However, 
the time resolution is poor 1-lOsec), which limits fast timing observation of com¬ 
pact objects, snch as black holes and nentron stars. Thns, we have been developing 
X-ray silicon-on-insulator pixels (SOIPIXs), ’’XRPIX”, for future X-ray astronomy 
satellites. 

SOIPIX consists of three layers: The CMOS circuit layer made with low-resistivity 
silicon, a high-resistivity depleted silicon layer for X-ray detection, and a buried oxide 
layer (BOX layer) for insulation between the two layers. Each pixel has a sense-node 
of p’*' implanted in a sensor layer and a contact via implimented in the BOX layer 
which connects the p"*" with the CMOS circnit. A bnried p-well (BPW) is implanted 
around the p"*" to collect signal charge and to suppress the back-gate effect of the 
CMOS circuit. XRPIX contains a comparator circuit in each pixel, and outputs 
event hit trigger timing signal and the row and column addresses of the hit pixel. It 
enables the function of ” event-driven readout”, with which we can readout hit pixels 
only and hence realize a high time resolution reaching ~ 10/isec. 

Takeda et al.(2014) reported that the spectral performances of the current version 
of XRPIX in the event-driven readout mode is significantly lower from those in frame- 
readout mode, in which all the pixels are read out serially like a CCDj2]. The authors 
suggests that one of the canses is capacitive coupling between the trigger signal in 
the CMOS circnit layer and the sense-node and BPW in the sensor layer. Thns, 
we adopt a Double-SOI wafer (DSOI)[4l El Ej- The newly introduced middle silicon 
layer between the circuit and sensor layers in a DSOI wafer is expected to act as an 
electrostatic shield and to reduce the capacitive coupling between them. 

In this paper, we report first experimental results from the Double SOI version 
of XRPIX3 (XRPIX3-DSOI)[I]. The middle silicon layer is processed in the whole 
chip region except contact via connecting the sense-node and circuit layer (Figure 
1). The thickness of the middle silicon layer is 80nm. Both of the distances between 
the middle silicon layer and circnit layer and between the middle silicon layer and 
sensor layer are IfiOnm. XRPIX3-DSOI has a pixel size of 30x30/im^, a BPW size 
of 14 xl4/im^. It has a format of 32x32 pixels, where there are two different types 
of test element group (TEG) pixels. A half of the 32x32 pixels has charge-sensitive 
amplifier (CSA) and the other half has source follower (SF). All the results shown in 
the paper were obtained with the TEG of SFs operated in the frame-readout mode. 
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Figure 1: The cross-sectional view of the XRPIX3-DSOI 

2 Experimetal results 

2.1 Laser irradiation test on XRPIX3-DSOI 

We irradiated XRPIX3-DSOI with laser light at room temperature (25°C) as first 
experiment. We observed the images changing the voltage of the middle silicon layer 
(Vms) from -IV to -|-1V while the back bias voltage (Vbias) was fixed at 30V. Figure 2 
shows the laser light images we obtained in the frame-readout mode with the exposure 
time of 1msec. The laser light is detected when the middle silicons voltage is above 
-I-0.6V and its pulse height becomes higher as the voltage is increased. This result 
can be explained as follows. The voltage of sense-node and BPW is OV and the back 
bias voltage is positive, which means that the positive voltage is required for the 
electric field in sensor layer to converge into the BPW and sense-node as shown in 
Figure 3. The charge-collection efficiency increases as a higher voltage is applied to 
the middle-silicon layer. 

2.2 Cross-talk between the sensor and circuit layers 

In order to see if DSOI reduces the cross-talk, we observed the analog waveforms of 
the pixel circuits of XRPIX3-DSOI and single SOI version of XRPIX3b (XRPIX3b- 
SSOI). XRPIX3b has the same pixel circuit as XRPIX3 and hence we can make 
direct comparison with each other. The left panel of Figure 4 shows the waveform of 
XRPIX3b-SSOI when we irradiate with laser light. The rise of the analog signal before 
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Figure 2: The laser light images of XRPIX3-DSOI with the middle silicon voltages 
from -IV to -|-1V. The magenta circle indicates the position where the laser light is 
illuminated. 




Figure 3: Left and right panels show the schematic views of the electric fields in 
sensor layer when the voltage applied to the middle silicon layer is -IV and +1V, 
respectively. 

the illumination of the laser light is due to dark current. The laser light illumination 
starts at the timing of (1), which follows by the further rise of analog signal. The 
positive edge trigger is asserted at the timing of (2) when the analog signal exceeds 
the threshold. A jump of ~80mV is seen in the analog signal at the timing of (2), 
which is the cross-talk between the sense-node and the trigger signal as is reported 
by Takeda et ah (2014) [2j. On the other hand, XRPIX3-DSOI shows no jump in its 
analog waveform at the timing of trigger out (the right panel of Figure 4). This result 
suggests that we successful reduce the cross-talks by introducing Double-SOI. 

2.3 X-ray Spectrum with XRPIX3-DSOI 

XRPIX3b-SSOI has the same in-pixel analog circuit and layout, and the same on-chip 
readout analog circuits as XRPIX3-DSOI. Having the middle silicon layer or not is the 
only difference between the two devices concerning the gain. The gain is determined 
mainly by the parasitic capacitance at sense-node [3]. In the case of XRPIX3b-SSOI, 
the capacitance between the circuit layer and the BPW electrically connecting to the 
sense-node dominates the parasitic capacitance . On the other hand, the dominant 
capacitance in the case of XRPIX3-DSOI is the one between the middle silicon and 
the BPW. The ratio of the dominant capacitances of the two devices is 0.8, which 
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Figure 4: The analog waveforms of the pixel circuits of XRPIX3b-SSOI (left panel) 
and XRPIX3-DSOI (right panel) when laser light is illuminated. 



Figure 5: the spectra of ^^^Am X-ray with XRPIX3-DSOI 


is calculated from the ratio of the thicknesses of the insulators (IGOnm for XRPIX3- 
DSOI and 200nm for XRPIX3b-SSOI). Thus, we expect XRPIX3-DSOI has the 0.8 
times lower gain than XRPIX3b-SSOI. 

Figure 5 shows the X-ray spectrum of ^^^Am obtained with XRPIX3-DSOI in the 
frame-readout mode. The device temperature, back bias voltage and middle silicon 
voltage are —40°C, -I-60V and +1V, respectively. We note that this is the first X- 
ray spectrum obtained with the Double SOI type of SOIPIX sensors. The energy 
calibration shows the output gain of 4.4 /rV/e~. It is 0.8 times lower than the gain 
of XRPIX3b-SSOI (5.4 /rV/e~). The result agrees with the expectation. 

Takeda et al. (2015) shows that the readout noise of the XRPIX series (from 
XRPIXl to XRPIX3b) is inversely proportional to the gain[3]. According to Figure 5 
of Takeda et al. (2015), we expected the readout noise of XRPIX3-DSOI to be 
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103 e“(rms). However, the actual readout noise of XRPIX3-DSOI obtained with 
the pedestal peak was 125 e“(rms). It is significantly igher than the expectation. 
Although the cause of that is still unclear, we suspect the electric noises in the voltage 
applied to the middle silicon layer. We will do further investigation in future. 


3 summary 

We have been developing XRPIX using the SOI CMOS technology for future X-ray 
astronomy satellites. We introduced a Double-SOI wafer and developed XRPIX3- 
DSOI for the middle silicon to reduce the cross-talk between the sensor and the 
circuit layers. We revealed that applying the middle silicon at a voltage higher than 
-I-0.6V is necessary to collect signal charge and obtain an image. We confirmed 
the introduction of DSOI reduces the cross-talk by observing the analog waveform 
as expected. We successfully obtained X-ray spectrum of of ^^^Am. The gain of 
XRPIX3-DSOI is 0.8 times lower than that of XRPIX3-SSOI, which is explained by 
the parasitic capacitance between the BPW and the middle silicon layer. 
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